Matrine is one of the main bioactive alkaloids of Sophora flavescens Aiton, which has been widely used to treat various diseases in China. These diseases include viral hepatitis, liver fibrosis, cardiac arrhythmia, skin diseases, and tumors. However, matrine is also the main toxic compound of this herb, and the available biomarkers are not reliable in detecting or quantifying matrine risk. Metabolomics is a powerful tool used to identify early toxicity biomarkers that are specific indicators of damage to biosystems. This study aimed to find the potential biomarkers of the matrine-induced toxic effects in rats and HepG2 cells. The toxicological effects of rats induced by matrine could be derived from the elevated taurine and trimethylamine N-oxide levels and the depletion in hippurate and tricarboxylic acid cycle intermediates, such as 2-oxoglutarate, citrate, and succinate in the urine. Cell metabolomics revealed that the levels of alanine, choline, glutathione, lactate, phosphocholine, and cholesterol showed dose-dependent decreases, whereas the levels of taurine, fatty acid, and unsaturated fatty acid showed dose-dependent increases. Overall, a significant perturbation of metabolites in response to high dose of matrine was observed both in vivo and in vitro, and the selected metabolites particularly represent an attractive marker for matrine-induced toxicity.
Introduction
Matrine is one of the main bioactive alkaloids derived from the root of Sophora flavescens Aiton, which has been used in traditional Chinese medicine for its antiallergy, antiinflammatory, and antiviral properties [1] [2] [3] . Recent evidence has indicated that matrine has potent antitumor activities, such as inhibiting cancer cell proliferation, restraining angiogenesis, reversing multidrug resistance, and preventing or reducing chemotherapy or radiotherapy toxicity when combined with other chemotherapy drugs [4, 5] , and thus is considered as a promising drug for cancer therapy [6] . However, the possible toxicity of matrine remains a concern. Several studies in rodents have suggested that the toxic targets of matrine are the nervous system and liver [7] [8] [9] . Clinical cases also reported that oral administration or injection of a high dose of matrine results in liver toxicity, cardiac side effects, and neurological abnormality in patients [10, 11] .
However, the effect of matrine on endogenous metabolites of animals and cells has not been reported. The possible toxicity mechanisms and risks have not been fully elucidated. Therefore, systematical evaluation of matrine toxicity is still necessary.
Metabolomic technologies enable monitoring of endogenous small molecule metabolites, revealing the ultimate response of a biologic system to genetic factors and/or environmental changes [12] . Metabolomics is also a powerful tool to investigate toxicity by monitoring the metabolic profile of biofluids, tissues, and cells, which contain a mixture of metabolites. The abnormality variations of biomolecules in biofluids, also known as biomarkers, induced by drugs are extracted to improve the understanding of the disease or toxic mechanisms [13, 14] . Various analytical platforms, such as nuclear magnetic resonance (NMR), gas chromatograph-mass spectrometry (GC/MS), and liquid chromatograph-mass spectrometry (LC/MS), have been 2 Evidence-Based Complementary and Alternative Medicine developed to qualitatively and quantitatively detect metabolites [15] . NMR spectroscopy is an information-rich analytical technique that provides comprehensive chemical information about the composition of biological samples. NMRbased metabolomic analysis has been successfully applied to identify the novel biomarkers for drug toxicity studies. Various biomarkers based on metabolomics have already been found for prediction of drug-induced harmful toxic effects. For instance, drug-induced renal papillary damage isassociated with altered levels of dimethylamine, trimethylamine Noxide (TMAO), N,N-dimethylglycine, and succinate in urine [16] . Meanwhile, urinary endogenous metabolites of TMAO, citrate, 3-chlorotyrosine, phenylalanine, glycine, hippurate, and glutarate as well as plasma endogenous metabolites of lactate, glucose, 3-hydroxyisovalerate, isoleucine, acetylglycine, acetone, acetate, glutamine, ethanol, and isobutyrate significantly respond to APAP dosing in humans [17] .
In this work, an NMR-based metabolomic approach was applied to carry out preclinical toxicological investigation of matrine using in vivo (Sprague-Dawley rats) and in vitro (HepG2 cells) experimental models to evaluate its potential toxicity.
1 H-NMR spectroscopy coupled with multivariate statistical analysis was used to characterize the metabolic profiles of rat urine and HepG2 cells after treatment with matrine. Compared with other conventional methods, this study detailedly detected the differential endogenous metabolites as the available biomarkers to characterize the matrine-induced toxicity in SD rats and HepG2 cells and to provide elementary data for clinical administration and relative future research.
Materials and Methods

Chemicals and Reagents.
Matrine was purchased from Chengdu Mansite Pharmaceutical Co. Ltd. (Chengdu, China). D 2 O, chloroform-D, sodium azide, and 3-(Trimethylsilyl) propionic-2,2,3,3-d 4 acid sodium salt (TSP) were acquired from Sigma-Aldrich (St. Louis, MO, USA). Pure water was obtained from Millipore Alpha-Q water system (Bedford, MA, USA). Fetal bovine serum and penicillinstreptomycin solution were purchased from Thermo Fisher Scientific (MA, USA). All other reagents used were of analytical grade or better and used as received.
Animals.
Twenty male SD rats (5 weeks old, body weight of 150-180 g) were purchased from the Medicine Laboratory Animal Center of Guangdong province. The rats were acclimated for 1 week in an environmentally controlled room at 24 ± 1 ∘ C on a 12 h light/dark cycle and provided with food and water ad libitum. The surgical procedures and experimental protocol were approved by the Guidelines for Animal Experimentation of Southern Medical University.
Drug Administration and Sample
Collection. The rats were randomly divided into four groups (five rats each group) and were treated with matrine at the dose of 0 (control), 30 (low dose), 60 (middle dose), and 90 mg/kg (high dose) body weight. Matrine was dissolved in ultrapure water with a concentration of 3, 6, and 9 mg/mL. All administration groups received a single dose of matrine via oral gavage, and control group was similarly provided with an equal volume of ultrapure water.
Urine samples were collected into tubes containing 1 mL of 1% sodium azide overnight on days 1 and 3 after dosing. The collected urine was immediately centrifuged at 10000 g for 10 min to obtain a clear suspension and was stored at −70 ∘ C until required for NMR experiments.
Cell Culture and Drug
Treatments. Cells were cultured in DMEM supplemented with 10% (v/v) fetal bovine serum, 1% sodium pyruvate, 2 mM glutamine, 100 g/mL streptomycin, and 100 U/mL penicillin at 37 ∘ C in a humidified atmosphere of 5% CO 2 . Cells were seeded at a density of 3.0 × 10 Intracellular metabolites were extracted by the modified extraction protocol as previously described [18] . The dried cell pellet was briefly homogenized and extracted in 0.80 mL of methanol for 20 min, 0.8 mL of chloroform for 15 min, and 0.72 mL of water for 20 min. The mixture was then centrifuged at 10000 g for 15 min to produce a biphasic mixture from which the aqueous and organic phases were separately removed with a pipette. The extraction solvents were completely removed by vacuum. Each polar sample was reconstituted in 40 L of phosphate buffer (100 mM Na 2 HPO 4 /NaH 2 PO 4 , including 0.5 mM TSP, pH 7.0) in D 2 O, and each lipophilic sample was reconstituted in 60 L of CDCl 3 containing 1.0 mM tetramethylsilane (TMS) for NMR analysis.
NMR Spectroscopy. The
1 H-NMR spectra of rat urine and cell samples were acquired on a Bruker 400 MHz spectrometer at 300 K by using a 5 mm conventional probe or 1.7 mm TXI microprobe. A total of 5 min were allowed for the thermal equilibration before NMR acquisition. 1D spectra were acquired for the urine samples and polar metabolites of HepG2 cells by using a standard NOESY pulse sequence with 128 transients, 100 ms mixing time, and 3.0 s relaxation delay. A single pulse experiment was used to the apolar metabolites of HepG2 cells [19] . All 1 H NMR spectra were corrected for Table 1. phase and baseline distortions and referenced to the internal reference standard TSP or TMS ( 1H = 0.0 ppm).
NMR Data Analysis.
All 1D NMR spectra were processed with 0.3 Hz apodization followed by zero filling to 128 k points. Each 1 H NMR spectrum was segmented into 0.005 ppm bins, corresponding to the regions 0.2-10.0 ppm and 0.2-6.0 ppm in polar and apolar samples, respectively, by using MestReNova 6.0 (Mestrelab Research S.L.). The intensity data of water ( 4.6-5.0 ppm) were excluded prior to analysis. The total spectral area of the remaining bins was normalized to unit total intensity.
The data of binned spectra were imported into SIMCA-P 13.0 demo (Umetrics Inc., Umea, Sweden) for pattern recognition analysis. Principal components analysis (PCA), an unsupervised pattern recognition method, was applied to identify general metabolic trends and possible outliers. The orthogonal partial least squared discriminant analysis (OPLS-DA) algorithm at Pareto scaling approach was used to find the main changing metabolites related to matrine exposures [20] . Subsequently, the distinguishable peak area of the selected metabolites from the NMR was extracted (normalized to the total spectra area) to further evaluate the time course and dose dependence of matrine-related metabolite variations.
Statistical Methods.
Statistical analyses were performed using SPSS software version 11.5. The potential biomarkers were analyzed using single factor ANOVA, followed by the post hoc Dunnett's T3 test for nonhomogeneous variance or the Dunnett test for heterogeneity variance.
< 0.05 was considered statistically significant.
Results
Metabolite Identification in Rat Urine and HepG2
Cells by 1 H NMR. Figure 1 shows the representative 1 H NMR spectra acquired using the rat urine (Figure 1(a) ) and HepG2 cells (aqueous extracts, Figure 1(b) , and lipophilic extracts, Figure 1(c) ) of a control experimental subject from this study with some resonance assignments indicated. The 1 H chemical shift assignments for metabolites were created using a combination of previously reported values [21, 22] , standard compounds [23, 24] , and Chenomx database entries (Edmonton, Alberta, Canada). The 1 H-NMR spectra of rat urine and HepG2 cells contained numerous resonance metabolites, including amines (dimethylamine and TMAO), several amino acids (alanine, glutamate, glutamine, glycine, tyrosine, etc.) and amino acid derivatives (creatine, taurine, and glutathione (GSH)), choline and choline-containing compounds (glycerophosphocholine, phosphocholine), lipids (fatty acid and unsaturated fatty acid), and energy storage compounds (ATP), among others. A total of about 40 metabolites in urine and HepG2 cells were identified (Table 1) .
Metabolomic Characterization of Urine in Rats.
PCA was applied to the corresponding spectra to determine the extent of differences between the treated and control groups. As shown in Figures 2(a) and 2(b) , the PCA score plots of urine samples demonstrate a clear discrimination of high dose groups of control rats, at both 24 and 72 h after dose, whereas the low dose classes overlapped with the controls at the two time points. Subsequently, the OPLS-DA models (Figure 2(c) ) were conducted on the corresponding NMR data from the pairwise rat urine (control versus each matrine treatment). The prominent changes in the endogenous urinary metabolites comprised a decrease in the levels of succinate, 2-oxoglutarate, citrate, and hippurate. By contrast, an elevation in taurine and TMAO was achieved by the Splot of the OPLS-DA analysis (Figure 2(d) ). Finally, these endogenous metabolites were selected as putative biomarkers, and the relative levels were calculated by measuring the peak area of a resolved resonance for each component (Figure 3) . The decrease in 2-oxoglutarate, citrate, succinate, and hippurate and the increase in taurine and TMAO show A The numbering system is the same as used in Figure 1 . B Multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublets; m, multiplet; br, broad resonance. C U, urine of rats; C a , aqueous extracts of HepG2 cells; C l , lipophilic extracts of HepG2 cells.
pronounced dose-response trends, particularly noted for high dose treatment. matrine administration group) to investigate the metabolic markers of HepG2 cell response to matrine. Compared with their control groups, the significant metabolic responses (Figures 4(g) and 4(h)) were selected as potential biomarkers, and the relative concentration was calculated using the peak area as the methods of urine samples. From the plot of relative levels of selected metabolites in HepG2 cells ( Figure 5 ), taurine, fatty acid, and unsaturated fatty acid clearly increased, whereas alanine, choline, GSH, lactate, phosphocholine, and cholesterol decreased in 48 h high dose group. In addition, these metabolites also showed a significant change in 24 h high dose and/or 48 h middle dose group but did not significantly change in the low dose groups at different time periods, except the evident decrease of phosphocholine prolonging the cultured time to 48 h.
Metabolomic Characterization of HepG2
Discussion
The relative contents of 2-oxoglutarate, citrate, and succinate in the urine of SD rats significantly decreased in response to matrine treatment. These metabolites are tricarboxylic acid cycle intermediates known to be involved in energy metabolism. The decreases in the relative contents of these metabolites in the urine of high dose matrine-treated rats reveal the inhibition of energy metabolism by this drug. Taurine, an essential amino acid present in various mammalian tissues [25] , possesses various diverse biological functions, such as transmission of nerve impulses, modulation of calcium signaling, and membrane stabilization. Increased taurine in urine is a biomarker of liver damage induced by several drugs [21, 26, 27] . Therefore, the rise in taurine level in the rat urine reveals liver dysfunction and injury after treatment with high dose matrine.
TMAO, an oxidation product of trimethylamine, is converted from choline. TMAO is a major osmolyte that the body uses to counteract the effects of increased urea concentrations, which is due to kidney failure. High levels of TMAO can be used as a biomarker for kidney problems [25, 28, 29] . In this study, increased TMAO levels were noted in the urine of treated rats as dose dependent, suggesting that the osmotic dysregulation in renal tissue is due to matrineinduced toxicity.
Hippurate, also known as acyl glycine, is formed by the conjugation of benzoic acid with glycine, which is catalyzed by glycine N-acyltransferase [30] . Hippurate is a normal component of urine and typically increases with increased consumption of phenolic compounds; these compounds are converted to benzoic acid and then to hippurate and subsequently excreted in the urine. Thus, Um et al. [31] reported that low hippurate levels are found in indomethacin-induced gastrointestinal damage, which may break normal microorganism balance in the GI tract. Hippurate concentration also decreases in the rat urine after using antibiotics to sterilize the intestine [32] . Therefore, the decrease in hippurate levels after treatment with matrine may correlate with disturbance in the gut microbiota. Lactate, the end product of glycolysis, has been reported to increase in several cancers [33] [34] [35] [36] , in consequence, of the Warburg effect. Alanine is released from the alanineglucose cycle after pyruvate formation from glycolysis [37] . Several studies have reported decreased lactate and alanine levels in tumor cells in response to chemotherapy drugs [38] [39] [40] [41] , thereby reducing the glycolysis rate. In this study, lactate and alanine concentrations were decreased in aqueous extraction of HepG2 cells in a time-and dose-dependent manner, indicating that matrine is less anaerobic in HepG2 cells
The lipid signals of HepG2 cells significantly changed in response to matrine treatment, which is similar to the findings that lipids increase in tumor cells in response to chemotherapy drugs [22, 42] . The lipid signals in the NMR spectrum have been suggested to originate from the fatty acyl chain of lipid droplets in the cytosol but not from the membrane lipids [42] . Lipid droplets perform various biological functions in cells, such as energy storage, providing phospholipids and sterols for the synthesis of biological membranes, and buffer cells from the toxic effects of excessive amounts of lipid [43] . Lipid droplets have been recently identified as a substrate for macroautophagy, which regulates a number of essential cellular processes, including development and differentiation, immunity, apoptosis, and aging; these droplets also represent a new cellular target for abnormalities in lipid metabolism and accumulation [44] . Although the autophagy characteristics of HepG2 cells in this study were not monitored, the accumulation of autophagic vacuoles in matrine-treated cells has been verified in human hepatoma G2 cells [45] , gastric cancer SGC-7901 cells (10) , and rat C6 glioma cells [46] . These findings suggested a possible link between the increase of lipids and matrineaffected autophagy and may be related to the apoptosis regulation of HepG2 cells (IC 50 was 0.71 mg/mL, data not shown).
GSH, also known as g-L-glutamyl-L-cysteine-glycine, is a ubiquitous tripeptide that functions as a cellular thiol "redox buffer" to maintain a given thiol/disulfide redox potential. A possible link among thiol redox state, glutathione-protein interactions, and cell proliferation has been reported [47] . In this study, an evident decrease in intracellular GSH levels in HepG2 cells was detected after exposure to matrine, which agrees with the result of glutathione reductase measurement [48] , and it reflected the change of the redox state in cells.
Phosphocholine and choline decrease in response to matrine exposure in a dose-and time-dependent manner, suggesting that matrine induced the changes of phospholipid biosynthesis or PTC cycle regulation in HepG2 cells. The induction of this effect has been demonstrated by other chemotherapeutic drugs [49] . The decrease in cholesterol levels in the high dose matrine-treated group indicates decreased cholesterogenesis [41] . In addition, taurine concentration is increased after cell exposure to matrine. Similar results have also been observed in HepG2 cells treated with TCDD [31] and as an in vivo biomarker of apoptosis in glial tumors [50] . Therefore, the increased taurine in HepG2 cells may have been related to apoptosis induced by matrine.
Conclusions
Higher dose of matrine has an evident toxic potential both in vivo and in vitro. Treatment with matrine caused dysfunction of energy metabolism in SD rats and HepG2 cells. In addition, the high dose of matrine also affected the liver, renal function, and gut microbiota in rats and lipid metabolism, redox state, phospholipid biosynthesis or PTC cycle, and cholesterogenesis in HepG2 cells. Few metabolites including 2-oxoglutarate, citrate, succinate, hippurate, taurine, and TMAO in rat urine, as well as alanine, choline, glutathione, lactate, phosphocholine, taurine, cholesterol, fatty acid, and unsaturated fatty acid in HepG2 cells, are potential markers of matrine use. These metabolites may be used to facilitate the diagnosis of matrine-induced toxicity.
